Abstract. Understanding the mechanisms by which nonnative species successfully invade new regions and the consequences for native fauna is a pressing ecological issue, and one for which niche theory can play an important role. In this paper, we quantify a comprehensive suite of morphological, behavioral, physiological, trophic, and life-history traits for the entire fish species pool in the Colorado River Basin to explore a number of hypotheses regarding linkages between human-induced environmental change, the creation and modification of ecological niche opportunities, and subsequent invasion and extirpation of species over the past 150 years. Specifically, we use the fish life-history model of K. O. Winemiller and K. A. Rose to quantitatively evaluate how the rates of nonnative species spread and native species range contraction reflect the interplay between overlapping lifehistory strategies and an anthropogenically altered adaptive landscape. Our results reveal a number of intriguing findings. First, nonnative species are located throughout the adaptive surface defined by the life-history attributes, and they surround the ecological niche volume represented by the native fish species pool. Second, native species that show the greatest distributional declines are separated into those exhibiting strong life-history overlap with nonnative species (evidence for biotic interactions) and those having a periodic strategy that is not well adapted to present-day modified environmental conditions. Third, rapidly spreading nonnative fishes generally occupy ''vacant'' niche positions in life-history space, which is associated either with ''niche opportunities'' provided by human-created environmental conditions (consistent with the environmental-resistance hypothesis of invasion) or with minimal overlap with native life-history strategies (consistent with the bioticresistance hypothesis). This study is the first to identify specific life-history strategies that are associated with extensive range reduction of native species and expansion of nonnative species, and it highlights the utility of using niche and life-history perspectives to evaluate different mechanisms that contribute to the patterns of fish invasions and extirpations in the American Southwest.
INTRODUCTION
Biological invasions are widely recognized as a significant component of human-caused environmental change (Elton 1958 ) that often cause substantial ecological, evolutionary, and economic damage (Mack et al. 2000 , Pimental et al. 2000 , Moritz 2002 , Olden et al. 2004 ). The field of ecology has witnessed considerable empirical and theoretical advances in forecasting invasions (e.g., Lodge 2001, but see Hulme 2003) , including the use of life-history traits as correlates of invasion success (Sakai et al. 2001) (Peterson 2003) . Ecological niche theory posits that invasion success will be mediated by intrinsic biological traits of species that dictate their degree of ''pre-adaptation'' to habitats in the receiving ecosystem including biotic interactions with resident native species. Despite some recent claims that question the utility of the niche concept in ecology (Hubbell 2001) , contemporary ecological niche theory can arguably be considered a very powerful construct for understanding broad-scale patterns and changes in the diversity, distribution, and abundance of species (see Chase and Leibold 2003) .
The modern view of the ecological niche is an integration of the original concepts proposed by Grinnell (1917) and Hutchinson (1957) and is pluralistically defined as a combination of a species' ''place'' and ''role'' in the environment (Chase and Leibold 2003) . In this sense, an ecological niche defines where and under what circumstances a species will exist and how it interacts with its environment. Life-history and ecological trait attributes can be used to quantify a species' ecological niche, which can be plotted in relation to other species in n-dimensional niche space where axes are different traits (Rosenfeld 2002) . Theoretically, the signature of niche differentiation among species and between native and nonnative species' pools provides insight into the biotic and abiotic mechanisms responsible for long-term patterns of species' invasions and extinctions (Crawley et al. 1996) . For example, the success of biological invasions may be determined by potential ''niche opportunities,'' which arise when a nonnative species possesses some set of traits that differ from those of native species and that are favored by the environmental template (sensu Shea and Chesson 2002) . Consequently, we would expect that the rate of spread of nonnative species will reflect the magnitude and extent of these opportunities (Sax and Brown 2000) . The idea that ''niche opportunities'' can facilitate biological invasions has incited both excitement and disagreement among ecologists (Herbold and Moyle 1986 ); however, this hypothesis remains untested due to a lack of necessary species' trait information and long-term empirical data. Niche theory is also appealing in that it provides a basis for identifying possible mechanisms behind the range contractions of native species in terms of niche overlap with both nonnative species and fit to the environmental template, both of which have changed dramatically in recent history. In short, contemporary ecological niche theory may provide a useful heuristic tool for understanding past and future distributional changes in native and nonnative species, yet its potential remains largely unexplored in quantitative terms.
A large number of biological traits across a diversity of taxonomic groups have been used to describe a species' ecological niche. For freshwater fishes, attributes related to morphology, behavior, life-history, and habitat and trophic requirements have proven very useful for relating species distributions to environmental variables (e.g., Poff and Allan 1995 , Lamouroux et al. 2002 , Brazner et al. 2004 . Of these attributes, lifehistory traits have been shown to be particularly good predictors of both fish invasions (e.g., Fausch et al. 2001 , Kolar and Lodge 2002 , Marchetti et al. 2004 , Vila-Gispert et al. 2005 and extirpations (e.g., Angermeier 1995 , Parent and Schriml 1995 , Reynolds et al. 2005 . Life-history traits may represent a critical dimension of a species' ecological niche because lifehistory strategies are considered to have evolved from constraints among traits that have consequences for reproduction and fitness in different environments. Life-history theory is also considered valuable because it makes explicit predictions about relationships between these strategies and the environment (Pianka 1970 , Grime 1977 , Southwood 1977 , 1988 , Stearns 1992 .
Comparative studies from a diverse array of fishes in freshwater and marine systems have independently identified three primary life-history strategies that represent the endpoints of a triangular continuum arising from trade-offs among the three basic demographic parameters of survival, fecundity, and onset and duration of reproduction (e.g., Winemiller 1989 , Vila-Gispert et al. 2002 , King and McFarlane 2003 . In a comprehensive study, Winemiller and Rose (1992) examined 216 species (57 families) of North American freshwater and marine fishes and provided the following descriptions of the characteristic biological and habitat environmental attributes associated with each strategy: (i) periodic strategists are large-bodied fishes with late maturation, high fecundity per spawning event, low juvenile survivorship (i.e., no parental care), and that typically inhabit seasonal, periodically suitable environments; (ii) opportunistic strategists are small-bodied fishes with early maturation, low fecundity per spawning event, and low juvenile survivorship, and that typically inhabit highly disturbed and unpredictable environments; (iii) equilibrium strategists are small-to medium-bodied fishes with moderate maturation age, low fecundity per spawning event, and high juvenile survivorship (i.e., greater parental care), and that typically inhabit constant environments. The three primary strategies of North American fishes have some striking similarities with earlier life-history models for animals and plants (reviewed in Southwood 1988) , but notably the Winemiller and Rose model (hereafter called W-R model) extends the classic r-K model by splitting the r strategy into the periodic and opportunistic strategies and more narrowly defines the K strategy as the equilibrium strategy.
The life-history strategies of the W-R model can be interpreted as being adaptive with respect to the relative intensity and predictability of temporal and spatial variation in abiotic environmental conditions, food availability, and predation pressure (Winemiller 2005) . This model was envisioned to have strong implications for understanding and predicting fish population responses to changing environments; however, it has only once been applied in the literature for this purpose (i.e., VanWinkle et al. 1993 ) and it has never been used to study the geography of fish invasions and extinctions. In this paper, we ask the question, ''Can ecological niche theory together with the life-history model of Winemiller and Rose (1992) be used to explain longterm trends of nonnative fish spread and native fish range contraction in the Colorado River Basin?'' The highly endemic ichthyofauna of this basin is adapted to the harsh and fluctuating environmental conditions typical of the American Southwest (Minckley and Deacon 1968, 1991) , but, since European settlement, it has become increasingly threatened both by significant environmental degradation associated with dam building and irrigation works and by the introduction of nu-LIFE HISTORIES OF COLORADO RIVER FISHES PLATE 1. Aerial view of the Yampa River upstream of its confluence with the Green River, Colorado, USA. Photo credit: Jeremy B. Monroe. merous nonnative species (Fradkin 1981, Carlson and Muth 1989) .
The present paper couples fish life-history theory and ecological niche theory to examine the underlying mechanisms of distributional changes for native and nonnative fishes over the last 150 years in the Colorado River Basin (see Plate 1). Specifically, we develop a comprehensive database of morphological, behavioral, physiological, trophic and life-history traits (22 in total) for the extant freshwater fish fauna of the Colorado River (90 species in total) to test several hypotheses.
(1) Differences in the total ecological niche space of the native and nonnative species pools will strongly reflect environmental changes in the Colorado River Basin over the past century. We expected that, although some nonnative species will overlap in niche space with native species, many nonnatives will possess ecological traits that allow them to occupy niche space associated with conditions of hydrologically stable flow regimes created by the recent construction of numerous dams throughout the basin. (2) Native and nonnative species pools will populate different areas in the life-history adaptive surface bounded by the periodic, opportunistic, and equilibrium life-history strategies identified in the W-R model. (3) Rates of nonnative species spread and native species decline over the past 150 years will reflect the differential selection of life-history strategies under contrasting environmental and biological regimes.
Our first expectation was that nonnative equilibrium strategists would spread most rapidly because of niche opportunities created by extensive environmental change and minimal niche overlap with native species that are less well adapted to the altered conditions. Second, we expected rapidly declining native species to be either opportunistic or periodic strategists. According to the W-R model, declining ranges for opportunistic strategists would be consistent with a mechanism of biotic interactions (and therefore should show high life-history overlap with rapidly spreading nonnative species), whereas declining ranges for periodic strategists would reflect environmental alteration (and therefore should show minimal overlap with nonnative species). Using these series of hypotheses and expectations, we hoped to gain insight into the mechanisms of nonnative fish spread and native fish range contraction in the Colorado River Basin over the past century.
METHODS

Fishes of the Colorado River Basin
The Colorado River travels southwest from the Rocky Mountains to the Gulf of California and drains approximately 632 000 km 2 of land from seven states in the United States and northwestern Mexico. For water management purposes, Glen Canyon Dam is the demarcation between the upper and lower basins. The upper basin produces most of the river's discharge with snowmelt runoff, whereas discharge in the lower basin is generated mostly by winter rainstorms and late summer monsoons (except for the mainstem Colorado River). As a result of long isolation and fluctuating environmental conditions, the basin has some of the most unique ichthyofauna in North America (Evermann and Rutter 1895) while, at the same time, one of the most endangered (Minckley and Deacon 1968, 1991) . We compiled a present-day list of the native and established nonnative freshwater fishes of the Colorado River Basin for which adequate trait data was available (Tables 1 and 2 ) using species lists from state accounts and other sources from the primary literature (Appendix A).
Ecological and life-history traits
We used the scientific literature, electronic databases, and expertise from regional fish biologists to provide a comprehensive functional description of the native (n ϭ 28) and nonnative (n ϭ 62) fish species of the Colorado River Basin (see Olden 2004 for details). We collated data for 22 ecological and life-history attributes (collectively referred to as biological traits) that could be justified on the basis of our current state of knowledge and information available for the entire pool of species (Appendix B). These traits allow each species to be characterized according to its unique relation with the environment (''place'') and other species (''role''). These 22 traits were divided into five categories, as follows. Body morphology included (1) maximum total body length (cm), (2) shape factor (the ratio of total body length to maximum body depth), (3) swim factor (the ratio of minimum depth of the caudal peduncle to the maximum depth of the caudal fin, where small factors are indicative of strong swimmers [calculated following Webb 1984] Trait assignments were based on a multitiered data collection procedure. First, trait data were collected from species accounts in the comprehensive texts of the state fish faunas (Appendix A). Second, we used species descriptions from the primary literature, state agency reports, university reports, and graduate theses. Third, we obtained data from electronic databases available on the World Wide Web, including FishBase (available online), 4 Arizona's Heritage Data Management System, and Biota Information System of New Mexico. Fourth, expert knowledge of regional specialists was used to assign values to a small number of trait states that could not be obtained from the previous methods (mainly inferred from congenerics). To account for interdemic variation in biological traits we recorded trait values based on research conducted in the Colorado River Basin or the closest geographic proximity. Trait values were represented by ordinal, nominal or continuous data. Ordinal and nominal traits were assigned a single state based on a majority of evidence rule according to adult preferences, and median values for continuous traits were used when ranges were presented.
Fish distributional trends over the past 150 years
in the Lower Colorado River Basin Our objective was to compare patterns of species' distributional changes for native and nonnative fishes across the life-history continuum model proposed by Winemiller and Rose (1992) . The data for such an empirical analysis need to be long-term and spatially extensive, and for our study they were provided by the SONFISHES database (available online).
5 This database was developed over a eight-year period by the tireless efforts of the late ichthyologist W. L. Minckley and colleagues, and contains Ͼ38 000 occurrence records for freshwater fish species from over 150 years of research conducted throughout the Lower Colorado River Basin. Records include incidence, identity, and collection information for the complete holdings of major regional museum collections, numerous smaller holdings, and records from peer-reviewed and gray literature sources, and they are georeferenced to within 1 km of their collection site in a Geographic Information System ). While we recognize the potential limitations associated with analyzing compiled data that was not systematically collected, such as museum-based specimen data (Graham et al. 2004) , this database was constructed with a high level of quality control. Records from published, peer-reviewed literature were typically cross-referenced with voucher specimens from museums, and records from agency/institutional reports and other sources of ''gray literature'' were only used after being individually reviewed by specialists with ichthyological and historical expertise (primarily W. L. Minckley). A number of studies have already illustrated the utility of the SON-FISHES database for ecological applications (e.g., Fagan et al. 2002 Fagan et al. , 2005 and we recently used these data to quantify long-term changes in fish distributions in the lower basin (Olden and Poff 2005) .
Using ArcGIS (version 8.3; Environmental Services Research, Inc., Redlands, California, USA) we plotted 28 755 locality records from 1840 to 2000 (excluding occurrence records resulting from artificial translocations and reintroductions) for 23 native species and 47 nonnative species (i.e., species present in the lower basin) from the SONFISHES database onto a digital stream network (available online).
6 Following Fagan et al. (2002), we defined historical records as those collected between ca. 1840 and 1979 and extant records as those collected between 1980 and 1999, a robust breakpoint for comparing temporal trends in this data (see Fagan et al. 2005) . For both historical and extant time periods we calculated the total river kilometers occupied by each species by summing the length of the river segments (defined as a section of river delineated by two confluences) in which the species was recorded present. Species' distributional decline (percentage) was then calculated by subtracting extant range size from historical range size and dividing by historical range size. While we recognize that estimates of species decline will differ depending the particular method of quantification, e.g., point data versus range size based on atlas data (see Telfer et al. 2002) , our estimate of the percentage of decline was highly correlated with the probability of local extirpation (R ϭ 0.90, P Ͻ 0.05) reported by Fagan et al. (2002) . Nonnative species' rate of spread (km/yr) was calculated as the species' extant distribution divided by the number of years since introduction (calculated from 2000 and estimated from Table 6 of Mueller and Marsh (2002) or alternatively defined as the year of first occurrence in the SON-FISHES database). These estimates of spread reflect both natural and human-aided dispersal for several recreational and bait fish species; the relative roles of which are difficult to differentiate. We refer the reader to Olden and Poff (2005) for additional methodological details.
Statistical analyses
Phylogenetic history and shared ancestral characters may mean that related species are not independent sampling units, and therefore the potential effect of phylogeny on ecological patterns should be accounted for prior to analyzing comparative data (Fisher and Owens 2004) . Given the broad taxonomic diversity of the species pool examined in this study (15 families, 49 genera), ecological constraint is much more likely to explain geographical patterns than phylogenetic constraint (Westoby et al. 1995) . Therefore, rather than employing phylogenetic contrasts (Felsenstein 1985) for this diverse group, we followed Grafen (1989) and calculated phylogenetic relatedness by ranking fish families by the degree of derived characters from most ancient to the most derived based on Nelson (1994) and Lee et al. (1980) , and then used this information to compute a phylogenetic distance matrix (see Kolar and Lodge 2002) . Next, a matrix of trait similarities for the 90 fish species according to the 22 biological attributes was calculated using Gower's similarity coefficient, a multivariate similarity index able to accommodate mixed data types (Legendre and Legendre 1998) . Using a modified version of the technique presented by Diniz-Filho et al. (1998) , we partitioned the total variance in the biological trait distance matrix into its phylogenetic and specific components using a Mantel test, which essentially correlates two distance matrices that have been unfolded into single column vectors. We regressed the phylogenetic matrix against the trait matrix to derive a residual matrix that represents trait similarities among species after controlling for phylogenetic similarities. The Mantel test showed a non-significant correlation between the trait and phylogenetic distance matrices (Mantel's standardized R ϭ 0.25, P ϭ 0.08), indicating only a marginal degree of phylogenetic constraint. Principal coordinate analysis (PCoA) was then performed on the residual similarity matrix to summarize the dominant patterns of variation among the biological traits and examine functional similarities and differences among native and nonnative species. In all cases only the first two principal components were statistically significant (based on the broken-stick rule: Legendre and Legendre 1998), and they were used to facilitate visual interpretation of the resulting plots.
To evaluate the fish life-history continuum model we followed Winemiller and Rose (1992) by plotting species' positions in relation to three life-history axes: (1) log e maturation size (a surrogate of maturation age that is highly correlated with maturation size in our study, R 2 ϭ 0.81); (2) log e mean fecundity; and (3) investment per progeny (calculated as the sum of log e [egg diameter] and log e [parental care]). Our analysis was twofold. First, we visually assessed the association between species' positions in trivariate life-history space and empirical estimates of native distributional declines and nonnative rates of spread. Second, linear regression analysis was conducted to assess the relationship between life-history overlap and species' distributional changes. A measure of life-history overlap was calculated as the inverse of the Euclidean distance in trivariate life-history space between each species' position and the centroid of the opposing species pool (e.g., each nonnative species in relation to the entire Ecological Monographs Vol. 76, No. 1 native species pool, and vice-versa). This calculation was based on z-scored trait values (i.e., standardized range between 0 and 1 for each trait) to ensure equal contributions of the three life-history axes. To examine the interaction between life history overlap and fit to the changing environment (i.e., control for ''new'' niche opportunities provided by historically recent reservoirs) we ran separate analyses for species preferring slow current velocities and species preferring moderate to fast current velocities.
RESULTS
Ecological niches of native and nonnative fishes
In support of our first hypothesis, the ecological niches (according to all biological traits) for the native and nonnative fish species pools differed substantially (Fig. 1) . The first two principal components of the PCoA explained 35.5% of the total trait variation; additional (nonsignificant) axes did not alter the interpretation of results. The most striking pattern was that the nonnative species pool occupied most of the ordination space and therefore exhibited much greater niche diversity compared to the native species pool. The first principal axis identified a trait gradient that contrasted the native fishes occurring mostly in the right-hand side of the ordination from the majority of nonnative fishes that occurred in the left-hand side of the ordination (t 88 ϭ 2.54, P ϭ 0.01; Fig. 1B ). With the exception of the razorback sucker and bonytail, the entire lower-left quadrant of the ordination space was comprised of nonnative species that exhibit unique functional attributes, including species of buffalo, channel catfish, common carp, red shiner, and northern pike (Fig. 1A , see Table 2 for scientific names). This ''new'' niche space occupied by nonnatives can largely be characterized by a number of traits, including lack of dependence on fluvial conditions to complete the life cycle, preference for slow currents and warm water, omnivory, variable spawning substrate requirements, maturation at an early age and smaller size, production of smaller eggs that hatch quickly, and larger swim factors (Fig. 1C) .
Comparative life-history strategies of native and nonnative fishes
Positions of the Colorado River fishes in relation to the three demographic axes of the life-history continuum model provided strong evidence for the basic form of the triangular adaptive surface and were found to span the numeric range of life-history values presented by Winemiller and Rose (1992) for North American fishes. As predicted by our second hypothesis, native and nonnative species pools occupied very different positions on the adaptive surface anchored by the periodic, opportunistic, and equilibrium strategy endpoints (Fig. 2) . The native species pool, with the exception of Gila topminnow and cutthroat trout, occupied intermediate positions within the life-history continuum rather than the endpoint regions defining the distinct life-history strategies (see Appendix C for triplot with species' labels). In fact, the majority of native fishes were located along a linear axis connecting the opportunistic endpoint and the midpoint of the edge connecting the periodic and equilibrium endpoints. Notable exceptions included species that showed closer, albeit weak, affiliations to the equilibrium endpoint, including trout species, loach minnow, and speckled dace. In contrast, nonnative species were represented across the entire adaptive surface and occupied all three endpoints-the periodic (e.g., common carp, striped bass), opportunist (e.g., guppy, western mosquitofish), and equilibrium (e.g., bullhead species, channel catfish, lake trout, smallmouth bass) strategies. Of particular interest was that the positions of nonnative fishes strongly defined the edge joining the opportunist and periodic strategies (Fig. 2) .
Life-history strategies and fish distributional trends in Lower Colorado River Basin
In agreement with our third hypothesis, rates of native species decline and nonnative species spread over the past 150 years varied across the life-history strategies. Native species located closest to the periodic, opportunistic, and equilibrium strategies showed relatively large declines compared to native species occupying more intermediate positions in life-history space (Fig. 3A) . Species exhibiting the greatest distributional declines include Colorado pikeminnow, desert pupfish, Moapa dace, and bonytail (Appendix D). For nonnative species, equilibrium strategists and species positioned along the life-history axis joining the opportunistic and equilibrium endpoints exhibited the highest rates of spread (Fig. 3B) . This included the three fastest spreading species: fathead minnow, green sunfish, and red shiner (Appendix D). In contrast, nonnative species located in closer proximity to the periodic strategy region tended to show relatively lower rates of spread.
Three striking patterns emerged when comparing distributional trends of native and nonnative species to their positions in life-history space (Fig. 3) . First, along the axis joining the opportunistic and equilibrium lifehistory strategies, we found strong concordance between those native species exhibiting the greatest declines and those nonnative species exhibiting the fastest rates of spread. Second, native species near the periodic endpoint had the greatest distributional declines, but they showed no life-history overlap with fast spreading, nonnative fishes, which were generally absent from this area of adaptive space. Regression analysis revealed no relationship between percent native decline and the degree of life-history overlap with the nonnative species pool for native species preferring slow water habitats (slope ϭ Ϫ0.25, F 1,1 ϭ 0.07, P ϭ 0.84, R 2 ϭ 0.06; Fig. 4A ), but a significant negative relationship for na- tive species preferring moderate-fast water habitats (slope ϭ Ϫ0.55, F 1,18 ϭ 7.85, P ϭ 0.01, R 2 ϭ 0.30). Third, nonnative opportunists exhibited the highest rates of spread, which also corresponded with a volume of life-history space that was completely devoid of native species. For nonnative species preferring slow current velocities (i.e., presumably those species provided niche opportunities in historically recent reservoirs) we found no relationship between rate of spread and lifehistory overlap with native species (slope ϭ 0.15, F 1,24 ϭ 0.57, P ϭ 0.46, R 2 ϭ 0.02; Fig. 4B ), whereas we found a significant negative relationship for nonnative species preferring moderate-fast current velocities (slope ϭ Ϫ0.46, F 1,19 ϭ 5.02, P ϭ 0.04, R 2 ϭ 0.21). Vol. 76, No. 1 FIG. 2. Three-dimensional plot of log e (maturation length), log e (mean fecundity), and relative investment per progeny (a surrogate of juvenile survivorship that was equal to log e [(egg diameter ϩ 1)(parental care ϩ1)]) for the fishes of the Colorado River Basin according to the trilateral continuum model of fish life histories (Winemiller and Rose 1992) . Native species are represented by solid symbols, and nonnative species are represented by open symbols; the positions of the periodic, opportunistic, and equilibrium strategies are also shown. Panels (A) and (B) are the same plots from different vertical perspectives. Appendix C contains the plot with species' labels according to Tables 1 and 2. FIG. 3. Three-dimensional plot of log e (maturation length), log e (mean fecundity), and relative investment per progeny (a surrogate of juvenile survivorship that was equal to log e [(egg diameter ϩ 1)(parental care ϩ1)]) for (A) native and (B) nonnative fishes of the Colorado River Basin. The size of the symbols is scaled to the percentage of distributional decline for native species and rate of spread for nonnative fishes. See Fig. 2 for the position of the periodic, opportunistic, and equilibrium strategies.
Ecological Monographs
Vol. 76, No. 1 FIG. 4. Relationships (A) between the distributional decline of native species and the degree of life-history overlap with the nonnative species pool and (B) between the rate of spread of nonnative species and the degree of life-history overlap with the native species pool. Life-history overlap was calculated as the inverse of the Euclidean distance in trivariate life-history space between each species' position and the centroid of the opposing species pool. Species preferring slow current velocities are represented by open symbols and a dashed line; species preferring moderate to fast current velocities are represented by solid symbols and a solid line. According to linear regression analysis, for both native and nonnative species preferring moderate/fast water habitats there was a significant negative relationship (P ϭ 0.01 and P ϭ 0.04, respectively), whereas no significant relationship existed for species preferring slow water habitats (P ϭ 0.84 and P ϭ 0.46, respectively).
DISCUSSION
The present study utilizes contemporary ecological niche theory and fish life-history theory to explore the mechanisms responsible for patterns and rates of fish invasions and extirpations in the Colorado River Basin over the past century and a half. Although species' traits have been used as correlates of introduction success (e.g., Lodge 2002, Marchetti et al. 2004) and extirpation events (e.g., Angermeier 1995 , Reynolds et al. 2005 , our study takes a comparative trait approach of the entire contemporary fish species pools. With this approach we are able make strong inferences regarding the roles of biotic and abiotic drivers in shaping long-term distributional trends of native and nonnative fishes in the Colorado River Basin.
Our findings illustrate the utility of the ''niche opportunity'' construct (Shea and Chesson 2002) to interpret historical changes in the species pool. In the context of adaptations for alternative environments, we found that traits expressed by members of the nonnative fish species pool (but not the native pool) provide a distinct, functional signature that likely reflects niche opportunities arising from long-term environmental changes in the Colorado River Basin. Specifically, these nonnative fishes include many that prefer slowmoving, warm waters, that are trophic generalists, and that are generally weaker swimmers not requiring fluvial conditions to complete their life cycle. This finding is consistent with the transformation of a substantial portion of the surface waters in the Colorado River Basin from lotic habitat to lentic reservoirs and associated stabilization of flow regimes below dams (Carlson and Muth 1989, Mueller and Marsh 2002) . Niche opportunities for these nonnative fishes are further enhanced by river regulation because native species are less well adapted and largely absent from these ''novel'' environments. Thus, while many nonnatives occupy similar habitats with native species, the overall functional breadth of the contemporary species pool has been increased by fish invasions. These findings have a number of important ramifications for linking patterns of anthropogenic alteration to functional aspects of community structure, including functional redundancy (Rosenfeld 2002) , diversity (Petchey et al. 2004) , and regularity (Mouillot et al. 2005) . Research in this area is currently in progress.
Our findings support the value of using the W-R model for studying fish invasions and extinctions, insofar as a species' position in this life-history continuum can be interpreted in terms of adaptation to the relative intensity and predictability of temporal and spatial variation in abiotic environmental conditions, food availability, and predation pressure. In agreement with our predictions, the relative positions of the native and nonnative species in life-history space reflected those life-history strategies that are differentially favored in historical versus contemporary (and highly altered) environments of the Colorado River Basin. The majority of native fishes were located along a life-history axis connecting the opportunistic endpoint to the midpoint of the edge attaching the periodic and equilibrium endpoints. This axis presumably defines a gradient of evolutionary ''bet-hedging'' considered adaptive in highly unpredictable environments where conditions are occasionally so bad that recruitment fails entirely (Cohen 1966 , Stearns 1992 . Historical conditions of the lower basin could be broadly character-LIFE HISTORIES OF COLORADO RIVER FISHES ized as extreme and often unpredictable (Fradkin 1981) , contributing to the bet-hedging strategies long noted for many native species (e.g., Minckley and Deacon 1968) . In contrast, nonnative species were found to occupy the entire life-history space that included an extended coverage into the three endpoint regions. A striking pattern was that several nonnative species were conspicuously located in the equilibrium region of the adaptive surface that was vacant of native species. The equilibrium strategy, largely synonymous with the traditional K strategy of adaptation to life in resourcelimited or density-dependent environments (Pianka 1970) , is considered advantageous in environments with low variation in habitat quality and strong direct and indirect biotic interactions (Winemiller and Rose 1992) , conditions that are arguably more typical of present-day environmental conditions.
We found that long-term distributional trends for native and nonnative fishes in the Lower Colorado River Basin varied substantially among life-history strategies and that the direction of change was strongly concordant with fish life-history theory (Winemiller and Rose 1992) . While no species can simultaneously maximize all three life-history axes, the fastest spreading nonnative species were distinctly positioned along the opportunistic-equilibrium continuum, suggesting that species optimizing the trade-off between maturation size and progeny investment at the expense of maximizing fecundity have generally had greater rates of population expansion. These species can be interpreted as having traits enhancing the ability to withstand periods of unfavorable environmental conditions and allow for better recruitment (i.e., opportunistic strategy), while still exhibiting more stable populations within constant environmental regimes (i.e., equilibrium strategy). The fact that equilibrium strategists have shown the fastest rates of invasion also support the predictions of McCann (1998) who used a series of stage-structured competition models to suggest that this strategy should be competitively dominant in environments promoting high juvenile density dependence (e.g., low juvenile resource densities and high levels of predation). Indeed, the present-day conditions of the Lower Colorado River are generally characterized by high juvenile predation pressure associated with greater numbers of piscivorous fishes (predominantly nonnatives) and increased resource limitation resulting from reduced inundation of floodplains due to river regulation (Minckley et al. 2003) .
Theoretical and empirical evidence suggest that invasions are most likely to occur in areas exhibiting either low environmental resistance or low biological resistance (Case 1991) . The relative roles of these processes have been a topic of lively debate in ecology (e.g., Kennedy et al. 2002) , and limited evidence for freshwater fishes suggest that environmental resistance may play a more important role (e.g., Baltz and Moyle 1993 , Moyle and Light 1996 , Gido and Brown 1999 .
Our study offers a unique functional perspective on this hypothesis by combining predictions from life-history theory with long-term data on species' distributional trends. We found that invasion rates of nonnative species presented with ''niche opportunities'' (i.e., those preferring newly created slow-current habitats associated with reservoirs) were independent of lifehistory overlap with the native species pool. In contrast, spread of nonnatives preferring more lotic habitat (moderate to fast current velocities) showed a strong negative relationship with life-history overlap with native species. These findings suggest that biotic resistance may be particularly important for nonnative species' spread when ecological niche overlap with natives is taken into account. Such ''context dependent'' biotic resistance may help explain the highly variable and complex nature by which species diversity influence the invasion resistance of communities D'Antonio 1999, Levine et al. 2004) . Specifically, Shea and Chesson (2002) predicted a negative association between native species and exotic species richness after controlling for covarying extrinsic factors. Here, we argue that the ''extrinsic factors'' are enhanced niche opportunities for invaders in reservoirs, and when matched for similar environmental requirements (riverine habitats), rates of exotic spread are reduced by native species.
In terms of the native ichthyofauna, fishes exhibiting the greatest historical declines in the Lower Colorado River Basin were confined primarily to two distinct regions in life-history adaptive space. The first group of native species fell along the axis connecting the opportunistic and equilibrium strategies, the same axis dominated by rapidly spreading nonnative species. This pattern is consistent with the hypothesis that these native and nonnative species are, in a sense, vying for this shared life-history space, thus establishing a potential for predation and competition with nonnative species to play an important role in population decline. The second group of declining native species was located in close proximity to the periodic endpoint, an area in life-history space that conspicuously lacks nonnative species. Compared to the other strategies, periodic life-histories are considered to be the least adapted to present-day environmental conditions that have become temporally stable (i.e., nonseasonal) and are subjected to high levels of predation from nonnative species and low resource availability due to decreased inundation of floodplains from damming.
A particularly interesting pattern was the negative relationship between native species decline and lifehistory overlap with nonnative species. This relationship, however, likely reflects the fact that our analysis is based on adult traits and therefore does not account for overlap that may occur at early life stages where interactions (primarily predation) between native and nonnatives are evident (Minckley 1991) . This observation emphasizes the point that there is a clear need Ecological Monographs Vol. 76, No. 1 to consider many different ecological mechanisms in broad-scale studies that attempt to explain patterns of species occurrence (Peres-Neto et al. 2001) . For example, to better understand the mechanisms responsible for the positive association between riverine fragmentation and native species rarity in the Colorado River as shown by Fagan et al. (2002) , we need to carefully consider species' niche requirements and their relation to both changing environmental templates and their niche relations with other species in the regional pool. In support of this idea, our research suggests that ecological and life-history traits may differentially predispose native fish species to rarity, probability of extirpation, and extinction risk from different sources of threat (Olden 2004) . In this study, we used ecological niche theory and the life-history model of Winemiller and Rose (1992) as complementary tools for understanding the mechanisms responsible for long-term trends in fish invasions and extirpations in the Colorado River Basin. The life-history approach emphasizes key processes of reproduction and survivorship in broad environmental settings, whereas the ecological niche approach more explicitly links species traits to specific environmental conditions, both abiotic and biotic. By combining these two approaches, we identified fish species having similar life-history strategies and broad environmental requirements and then made inferences about potential interactions with regard to competition and predation. We believe this approach shows general promise for invasion ecology, and its success will likely reflect the precision with which life history and ecological attributes of entire species pools can be quantified.
In conclusion, life-history theory and the ecological niche concept provide a basis to develop conceptual models to help conserve native species and create risk-assessment protocols for nonnative fishes based on generalized population dynamics and responses to environmental conditions (Winemiller 2005; see King and McFarlane 2003 for an example in marine fisheries). Present-day conservation plans for native fishes of the lower Colorado River focus on demographic principles and minimizing interactions with nonnative fishes (Minckley et al. 2003) . Our results are not inconsistent with this view; however, they further emphasize the importance of how biotic and abiotic factors may interact to place native species at risk to extinction. Indeed, for some species such as periodic strategists, restoration of natural habitat templates (in particular, flow regimes; Poff et al. [1997] ), may be required, as suggested by recent research (Osmundson et al. 2002) . Despite the complexities of managing for native fishes with disparate life-histories, ecological requirements and varying susceptibilities to nonnative fishes (Rinne and Stefferud 1999) , we believe application of life history theory and the ecological niche concept to the fields of conservation and invasion biology will permit a broader understanding of how to reconcile the many, and often conflicting, requirements for the conservation of imperiled fishes in the American Southwest.
